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Figure 3.4: Results of computer simulation and phantom experiment utilizing a
homogeneous slab background and internally placed tube-shaped anomaly of varied flow
contrast. The reconstructed anomaly from the last step with highest flow contrast is
shown (a) 3-D overlaid on the assigned anomaly and (c) in the phantom experiment. Both
(b) and (d) show a linear relationship between the assigned anomaly and reconstructed
flow indices expressed as ratios of relative changes respectively in the simulation and
phantom experiment. 3-D data are displayed with open source visualization software
PareView (Kitware, NY, USA).

3.4.3 Influence of Optical Property Mismatch on ncDCT Accuracy
We note that no optical property mismatch between anomaly and background was

induced, i.e., Au; =0 and Au, =0, in the computer simulations and phantom tests

performed earlier. However, our previous published studies have showed that the

mismatch of p, and u, can result errors in estimating DCS flow index (67). In the
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underestimations in flow contrasts (Figure 3.7a). However, the relative changes of flow
index contrasts over the large range of flow variations were not influenced by the

incorrect assumptions of u, (Figure 3.7b).
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Figure 3.7: Computer simulation results. (a) The underestimations of u,generated the
underestimations of flow contrasts (green and red bars). (b) Linear relationships between
the assigned and reconstructed flow indices expressed as ratios of relative changes
reconstructed using different u, values.

In summary, inaccurate &’ assumptions resulted in much greater flow index errors
than inaccurate |, assumptions. Specifically, ~250% underestimation of W’ led to
245 + 2% overestimation of flow indices in simulations and 297 + 40% overestimations

in phantom experiments, whereas 200% to 300% underestimation of |4 led to 11.5 + 2%

to 26 + 3% underestimations of flow indices, respectively. All these results are
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consistent with our previous studies using DCS (67, 83). Nevertheless, the relative
changes of flow index contrasts over the large range of flow variations can be accurately

reconstructed even with the incorrect assumptions of optical properties.

3.5 Discussion and Conclusions

In this chapter, the instrumentation of our newly developed ncDCT system for 3-D
blood flow contrast imaging was reported. A plastic mannequin was used to demonstrate
the blood flow imaging protocol for breast tumor detection. The procedures to collect
breast boundary blood flow index and surface geometry were described in detail.

We further validated the ncDCT system for the flow contrast imaging using computer
simulations and tissue phantom tests. The results indicated that the cylindrical tube-
shaped anomaly inside homogenous background tissue can be clearly reconstructed and
high correlation was observed between the reconstructed and assigned anomaly flow
contrast. We also found inaccurate |4’ assumptions resulted in much greater flow index
contrast errors than inaccurate |, These findings suggest that investigations involving
significant |, and &’ changes should concurrently measure flow indices and optical
properties for avoiding over/underestimation of flow indices. However, the relative
changes of reconstructed flow index contrasts can be accurately reconstructed even with
the incorrect assumptions of optical properties.

In conclusion, a novel ncDCT system was built for blood flow contrast imaging in
deep biological tissue. The imaging capability was validated through both computer
simulations and phantom experiments based on slab-shaped geometry with linear

scanning protocol.
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3.6 APPENDIX: Recipes for Making Tissue-like Phantoms

Optical phantoms are constructed to mimic the optical absorption and scattering, and
particle Brownian motion (only liquid phantom) of tissue. In our lab, liquid and solid
phantoms are made to provide a tissue model for probe calibrations, titration experiments

and testing image reconstruction algorithms.

3.6.1 Liquid Phantom Creation: Intralipid

In our lab, distilled water, India ink (Black India 44201, Higgins, MA) and Intralipid
(30%, Fresenius Kabi, Uppsala, Sweden) are utilized in constructing liquid phantoms
which provide a homogeneous tissue model (41, 67, 92). India ink is used to manipulate
bk (1) and has minimal influence on phantom scattering. The i, (1) values at certain
wavelengths are calculated based on the concentration of India ink. Intralipid is used to
control |’ (1) via changing its concentration and provides particle Brownian motion (Dg;
a = 1). The absorption of the lipid particles is negligible. Distilled water contributes little
to both absorption and scattering, allowing for larger phantom volumes to facilitate
satisfying the semi-infinite geometry model. Based on the desired values of 1 (1) and &’

(4) for the phantom, the liquid phantom creation procedure is given bellow.

Calculation of Ink Volumes for Desired Absorptions. The India ink needs to be

diluted to 10% concentration (or lower concentration, which depends on the volume of
the aquarium holding liquid phantom), due to the very high absorption of pure India ink.
The absorbance of the 10% ink solution should be measured with the spectrometer
(Beckman Coulter, CA, USA). Since the 10% ink solution is not within the measurable

range of our spectrometer, it is further diluted to 0.025% concentration. Multiple samples
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of 0.025% ink solution are measured by spectrometer at 690, 750, 780 and 830 nm
(matching the Imagent source wavelengths) and the measured absorbance is further
converted to absorption coefficient by the equation: u, (1) = In(10) X Absorbance (1)
(9). This u, (1) is for 0.025% concentration ink solution. Therefore, one needs to
multiply u, (1) by a factor of 400 for the absorption coefficient of 10% ink solution
(g (D). As Intralipid is primarily comprised of water, it is assumed to have an

absorption coefficient equivalent to water (ug .. = Uq Intratipi 2. Thepg . (A) values

at those wavelengths can be obtained from the literature (96). Knowing the desired value

of absorption coefficient for the phantom (pu, (A1) and the volume of total

phantom

phantom solution (V,pantom), the volume of 10% ink solution (Vin) can be determined

as:

Ha v ater (A) X (Vphantom - Vink) + Uq ink (A) X Vink = HUa phantom (/1) X Vphantom (3-1)

The volume of distilled water is simply the remaining volume to be filled (i.e., Viyqter =
Vphantom _Vink - Vlntralipid)-

For the titration experiment, 10% ink solution is added to the phantom at each step to

increase u, (4). The volume of 10% ink solution to be added is described by the

phantom

following equation:
before before dd __  after after dd
Ha phantom (X) . Vphantom + 'uaink O“) x Vicrlzk = HUq phantom(x) x (Vphantom + Vi(rllk

(3.2)

where the “before” and “after” indicate the procedure of adding ink solution.
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Calculation of Intralipid Volume for Desired Scattering. According to van

Staveren’s Mie theory approximation (97), us(4) of 10% Intralipid is given by the

equations:
[ = 2.54 x 10° x 124 (3.3)
g=11-058x10"31 (3.4)
us = pus(1—g) (3.5)

where A is in [nm] and g and u. are in [em™]. The u.(A) of 10% Intralipid multiplies a
factor of three can generate pg(A) of 30% Intralipid (denoted as g ;iraripia(1)). As
there are expected to be no contributions to the phantom scattering by the 10% ink
solution or distilled water, both are ignored in calculation. Knowing the desired value of
reduced scattering coefficient (g ,nantom (1)), the volume of 30% Intralipid to be used

can be calculated by equation:

:u; Intralipid (/1) X Vlntralipid = .u; phantom(l) X Vphantom (36)

3.6.2 Solid Phantom Creation: Silicone

Solid phantoms are useful for simulating tissue-like geometry and do not deteriorate
as the liquid phantom. Among the choices of solid phantoms, there are mainly three kinds
of phantom matrix, including gelatin, resin and room temperature vulcanization (RTV)
silicone (98, 99). The gelatin (also called agar) phantom is the cheapest, however, it is the
least usable and can become fragile and crumble under applied stress. Both of the other
two phantoms are stiff and stable. Their fabrication procedures and functions are very

similar. Previous study showed by reducing the hardener in RTV silicone phantom,
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stiffness of the phantom can be reduced, shaping this material into more biologically

relevant configuration (100). In our lab, the RTV silicone phantom is used.

Soft rubber texture similar to stiff tissue phantom can be made out of silicone and
used for years. Titanium dioxide (TiO2) and carbon black are added to provide scattering
and absorption contrast. Careful preparation is required for prevention of bubbles and

proper curing. A recipe and fabrication procedure is listed below.

Figure 3.8: Photographs of (a) an empty mold that four facets can be disassembled and
(b) a cured silicone phantom
RTV Silicone Phantom Recipe
Ingredients: 1. Silicone and hardener (RTV-615 silicone optical 2-part flow clear RTV
SS4120-1P primer required, Circuit Specialists Inc, Mesa, AZ)
2. Scatterer (Titanium (IV) Oxide, Alfa Aesar, Chicago, IL)

3. Absorber (Carbon Black (99.9+% pure), Alfa Aesar, Chicago, IL)
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Tools: 1. Mold (Figure 3.8a, do not use silicone or rubber molds)
2. Mixing bowl
3. Mortar and pestle for mixing TiO; and carbon black
4. Spatula for mixing silicone and hardener
5. Blender with at least a 0.25 HP motor and a 1 liter container
6. Balance (scales) with at least 0.01g mass resolution and weighing paper
7. Rubber gloves

8. Dust mask

(o]

. Tight-lidded containers, suitable for long-term storage

10. Hair dryer

Assembly Sequence:

Since the amount of carbon black (CB) needed is tiny compared with TiO,, we
usually first make sufficient amount of 1:100 CB/TiO, mixture and then mix the CB/TiO,
mixture with pure TiO; to achieve the expected optical properties.

1. Make the 1:100 carbon black (CB) / TiO2 mixture.

1) Weigh out 1.8 g TiO, and 0.2 g CB to make 1: 9 CB / TiO, mixture and mix them
completely with mortar and pestle. Then transfer the mixture to a container.

2) Weigh 0.1+N g mixture made in 1) and 0.91+N g pure TiO, to make 1:100 CB / TiO;
mixture. The mixture should be completely mixed with clean mortar and pestle. Then
transfer the final mixture to a container and label it.

Because the exact ratio of CB to TiO, in a mixture is hard to control or determine,

the absorptivity of each mixture must be found. (Since carbon black is very “sticky”
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1)

2)

3)

1)

and very little is used, it is difficult to account for all the carbon black lost to the

insides of the mortar/pestle, etc.)

Determine the absorptivity of the mixture in units of cm™-g™-306 g silicone kit.
Make a test silicone phantom with certain amounts of 1:100 CB/TiO, mixture and
pure TiO,. According to the experience, ~ 0.0446 g 1:100 CB/TiO, mixture and
~0.4177 g pure TiO, make u, ~ 0.061 cm™t and u! ~ 10.3 cm™1.

Measure the optical properties u, and u; with the commercial frequency-domain
tissue oximeter. Measured p, subtract 0.01 cm™ is the p, contributed by CB at 750
nm wavelength (the y, of silicone is constant at ~0.01 cm™).

Divide the mass of the mixture used by the corrected absorption coefficient. This is

the absorptivity of the CB/TiO2 mixture in units of cm™-g™*-306 g silicone kit.

(#q=0.01)
Acp/Ti0z = (3.7)

where acg rio2 is the absorptivity, u, is the measured absorption coefficient, and
Mcg rio2 1s the mass of 1:100 CB/TiO, mixture used to make the test phantom. Here

it is assumed that one 306 g silicone kit was used to make the phantom.

Make the solid phantom with target optical property
Calculate the mass of CB/TiO2 mixture needed according to the targeted u, of the
phantom:

Mcprio, = L&D NK (3.8)

ACB/TiO,
where p, is the expected absorption coefficient, acg,ri0, is the absorptivity of the

CB/TiO2 mixture measured from the test phantom, and NK is the number of 306 ¢

silicone kit used (can be fraction). Previous study using similar CB as absorbing agent
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2)

3)

4)

has reported the linear relationship between the mass of CB and phantom u, under
g, = 0.1 cm™(9).

Calculate the mass of TiO2 needed according to the targeted p of the phantom. The
relationship between the mass of TiO, used and the p’ is roughly 0.024 cm™.g™*-306 g

silicone kit, at 750 nm wavelength.

Miotar-tio, = O_l:)% *NK (3.9
where M¢otqi-Tio,iS the mass of TiO;, us is the targeted g and NK is the number of
306 g silicone kit used. The value, 0.024 is only a rough estimate based on previous
phantom made with the same TiO, powder. Then the mass of pure TiO, added
besides the CB/TiO;, mixture is:

Madded—TiOZ = Mtotal—TiOZ - MCB/TiOZ (3.10)
Mix the CB/TiO2 mixture and pure TiO, powder.
Mix the new mixture completed in the mixing bowl. Then transfer it to the NK -
306 g silicone in the blender. Mix them for totally 10 min with 10 sec at each time.

Mix the silicone with hardener.
First, weigh 1—10 - NK - 306 g silicone hardener. It should be noted that reduce the

amount of hardener may decrease the stiffness of the cured phantom. Then, transfer
the mixture to a clean mixing bowl after the power and silicone mixture is completely
cooled off and no bubbles left. The hair dryer on “cool” can be used to blow air on
the surface of the phantom to break up any bubbles or foam. Slowly add the hardener
to the silicone. Gently and thoroughly mix them with the spatula. Make sure no air

bubble is induced.
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5)

6)

7)

Transfer the mixture equally into the phantom mold. Cover the mold with clean sheet
and let it sit in the room temperature for ~1 day.
After the phantom is cured, disassemble the mold and remove the phantom. Since the
cured phantom attaches the mold very tightly, it is not easy to remove the phantom
from the mold. The mold we used is customized that the four facets can be
disassembled.
Clean the tools.

Since the silicone is very viscous, it may flow very slowly. It cannot dissolve in
the water. So to clean the blender, just place the blender bottle upside down in a place

lined with a plastic bag overnight and most of the silicone may flow away.
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CHAPTER 4 COMPUTER SIMULATIONS FOR NCDCT OF BREAST TUMORS

4.1 Introduction

The recently developed ncDCT in our laboratory provides a unique tool for three-
dimensional (3-D) flow imaging of deep tissue (37). Initial validation efforts for the
innovative ncDCT system have been made using computer simulations and tumor-like
phantoms on a simple semi-infinite geometry (see Chapter 3). To translate this novel
technique to clinical use for breast tumor imaging, the imaging ability of arbitrary
boundaries (e.g., breast shape) is necessary. In this chapter, computer simulations are
carried out to characterize the performance of ncDCT system for imaging an anomaly
(tumor) with varied flow contrasts and depths inside the tissue volumes under breast-

shape tissue boundary.

4.2 Computer Simulation Protocols

We conducted several computer simulations to characterize the performance of
ncDCT system. The first simulation tested the abilities of ncDCT in recovery of an
anomaly (tumor) beneath the surfaces of a slab and a female plastic mannequin breast
(Chapter 4.2.1). The second simulation evaluated the reconstruction accuracies of the
anomaly with varied depths and flow contrasts in the same plastic mannequin breast. The
influence of noise on ncDCT image reconstruction was also assessed and compared with
the results without noise (Chapter 4.2.2). The next simulation applied a priori structural
knowledge of the anomaly in the inverse mesh to improve the accuracy of flow image

reconstruction (Chapter 4.2.3). The last simulation evaluated the influence of different
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delay time 1 selection on ncDCT image reconstruction and the optimized t selection was

provided (Chapter 4.2.4).

4.2.1 Reconstruction of a Tumor in Slab-shaped and Breast-shaped Tissue VVolumes

To evaluate the reconstruction of an anomaly inside a background tissue volume with
a simple semi-infinite geometry, a slab volume [dimension (mm): 100 (H) x 100 (W) X
40 (D)] was first generated in SolidWorks and then segmented into finite elements using
ANSYS. A total of 15996 nodes were created with node distances of 3 mm and 6 mm in
the region of interest (ROI) and the surrounding region, respectively (Figure 4.3a).
Different mesh resolutions were employed to reduce the total node number while
maintaining appropriate spatial resolution in the ROI. The segmented mesh nodes and
elements information were then input into MATLAB to generate all mesh files needed
for the simulations with NIRFAST. The slab volume mesh represented a healthy
background tissue volume. A spherical anomaly with a diameter of 10 mm mimicking a
tumor was then placed at the ROI center and the anomaly centroid location was 7 mm
beneath the surface of background tissue volume (Figure 4.3a). Optical properties for
both tumor and background tissues were set homogeneous throughout the entire slab as
us = 6.00 cm™ and p, = 0.06 cm™. The blood flow indices for the background and
anomaly were set as 1 x 10® cm?/s and 10 x 10® cm?s, respectively, resulting in a 10-
fold flow contrast between the tumor and surrounding normal tissues (Figure 4.3c). The
ncDCT probe with a linear S-D array scanning rotationally over the ROI was simulated
for 21 steps with 3 degrees per step to collect the boundary data (Figure 4.3a). There

were totally 42 sources and 315 detectors distributed on the ROI according to the
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scanning procedure. Thus, 630 (315 x 2) source-detector (S-D) pairs were effectively
available and used for image reconstruction. The autocorrelation functions G, (r, t) from
the effective S-D pairs were calculated by the modified NIRFAST software with 7
ranging from 0 to 3.2 x 1075 s (50 consecutive T values). Reconstruction was conducted
on the same mesh with a pixel basis of 20 x 20 x 25 and a1, = 8.7 X 107°s. Thet
selection is discussed in the following section (Chapter 4.2.4). The presenting anomaly
was extracted with the full width half-maximum (FWHM) criterion (94) on the
reconstructed DCT image. The averaged BFI and the center location of the reconstructed

anomaly were computed by averaging the BFIs and node coordinates within the anomaly.
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Figure 4.1: Procedures converting the breast surface image to a solid breast model. (a) 3-
D surface geometry of mannequin breast and the reference plane (RP) recorded by 3-D
camera. The lesion mark (red square), three pairs of source marks and the rotation center
mark can be clearly seen. (b) A bottom plane (BP) parallel to the RP was created and a 3-
D solid breast model was then generated by enclosing the 2-D contour of BP and the 3-D
breast surface.
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Figure 4.2: Alignment of sources and detectors on the surface of solid breast model. (a)
A scanning plane (SP) perpendicular to the breast surface and crossing the optical rays of
sources and detectors was first aligned passing through the first pair of source marks (M1
and M2). (b) Each source or detector path was simplified as a single optical ray
perpendicular to the straight line across the source marks (M1 to M2). The sources and
detectors along the optical rays were then projected onto the surface of solid breast model.
The SP was then rotated around the rotation axis step-by-step with a 3-degree increment
per step for projecting sources and detectors at all scanning steps. (c) The alignment of all
scanned source and detector coordinates.

In order to assess the ability of ncDCT for imaging a tumor inside breast, I conducted
a computer simulation on a female plastic mannequin breast. The surface geometry of the
mannequin breast with source marks of ncDCT were scanned by a commercial 3-D
camera, which was further converted to a solid breast tissue volume using SolidWorks
(Figure 4.1). The scanned source and detector coordinates were then aligned on the
surface of the solid breast model based on two pairs (at first and last scanning steps) of
source marks (Figure 4.2). The probe scanning procedure was simulated by SolidWorks.
Similar to the slab meshing, the solid breast volume was segmented into finite elements
with node distances of 3 and 6 mm in the ROI and surrounding region. A solid volume
mesh [largest dimension (mm): 100 (H) x 78 (W) x 70 (D)] with total nodes of 14717
was generated for simulations. A spherical tumor with a diameter of 10 mm and a node

distance of 3 mm was then placed at the ROI center and the tumor centroid location was

7 mm beneath the breast surface (Figure 4.3e). For comparisons, we assigned the same
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optical properties and BFI contrast as those used in slab-tissue simulation. The boundary
data were also collected in the same manner over the ROI on the breast surface. Identical
breast-shaped mesh with a pixel basis of 20 x 20 x 30 and t; = 8.7 x 10~° were used

for image reconstruction.

4.2.2 Quantification of Tumor Location and Flow Contrast in the Breast-shaped Tissue
Volume

This simulation used the same tumor model in the breast-shaped mesh with the same
configuration and optical properties as assigned in Chapter 4.2.1 (see Figure 4.3e). The
tumor was placed beneath the surface of the breast-shaped mesh with varied central
depths from 7 mm to 15 mm at 1 mm increment per step. It is noted that breast tumors
with their centroid locations within the sensitive region of diffuse light (i.e., the detected
penetration depth of NIR light is ~1/2 of the S-D separation (65, 67, 101)) were our most
interested study population, since more reliable reconstructions can be generated. At each
depth, the tumor-to-normal flow contrast was increased from 0-fold to 20-fold at 5-fold
increment per step. The reconstructed tumor depth was characterized as the shortest
distance from the reconstructed anomaly center to the breast mesh surface. The
measurement accuracy of ncDCT system was assessed by quantifying the discrepancies

between the reconstructed and assigned values in tumor central location and flow contrast.

To evaluate the noise influence on image reconstruction, | added noise on the subsets
of boundary data collected from the tumor with 10-fold flow contrast throughout all
varied depths. Forty g,(r,t) curves with noises were generated and averaged at each

effective S-D pair for DCT image reconstruction.
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fiber with a large diameter of 1 mm (see Figures 6.4a and 6.4b) the autocorrelation
function was not detectable in this case due to the very low value of 5. Furthermore, the
SNR improvements were not obvious during in vivo rBF measurements in forearm
muscles (see Figures 6.6c and 6.6d). Unlike phantom experiments in vivo measurements
could be influenced by many factors such as physiological variations, motion artifacts,
fiber-tissue coupling coefficient and tissue heterogeneity which could impact the
measurements differently on different fibers (39, 54, 124, 128). Such in vivo “noises”
may bury the slight SNR improvements of flow measurements observed in phantom

experiments.

In contrast to flow measurements, significant SNR improvements were achieved
when using the few-mode or multi-mode fiber (versus single-mode fiber) in both
phantom measurements of light intensity (see Figures 6.4c) and u, (See Figures 6.5c)
and in in vivo measurements of [Hb] and [HbO;] (see Figures 6.7¢). The significant SNR
improvements for these variables were expected as they all depended on the light
intensities detected which were highly different among the three fibers (see Figures 6.4a
and 6.4b). The larger the number of optical fiber mode the higher the detected light

intensity.

The level of the detected light intensity also greatly impacted SNRs of the measured
variables at different titration steps and different physiological stages. For example, with
the increase of u, during the phantom titration the detected light intensity decreased step
by step leading to a continual decrease in SNRs for all three fibers and two wavelengths
(see Figures 6.3 and 6.4). One exception is the derived value of u; during phantom

experiments where the SNRs of u, at the first titration step for both wavelengths were
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lower than those at other steps (see Figures 6.5c), although the light intensities detected
at the first step were higher (see Figures 6.4a and 6.4b). Since the u, values at the first
titration step were much smaller than those at other steps (e.g., ~1.5 times smaller than
the second step) but the STDs of uj, at all steps didn’t vary much, it was not surprising
that the SNRs of 1, at the first titration step for both wavelengths were smaller than those
at other steps according to Equation 6.3. Furthermore, the SNRs of [Hb] and [HbO,]
during the cuff occlusion stage were lower than those at baseline and recovery stages for
all three fibers (see Figure 6.7c) which was again due to the lower light intensities
detected during occlusion compared to other two stages. In addition, the light intensity
detected from the wavelength of 853 nm was ~2 times lower than the 785 nm wavelength
(see Figures 6.4a and 6.4b) resulting in lower SNRs for the 853 nm wavelength at most
titration steps and physiological stages (see Figures 6.3 to 6.6), although laser stability

could also impact the SNRs.

Besides the SNR improvements the few-mode and multi-mode fibers measured the
optical property ua more accurately than the single-mode fiber (see Figures 6.5a and
6.5b). Smaller measurement error represented higher measurement accuracy. The
measurement errors in u, from the few-mode and multi-mode fibers were < 5% for both
wavelengths (Figure 6.5a) which were comparable with those (< 6%) observed in
previous studies using NIRS with multi-mode fibers (67, 71). The maximum errors from
the single-mode fiber (< 11%) were much larger than those from the other two fibers
(<5%) (Figure 6.5a) and those reported in literature (< 6%), which was again due to less

light intensities collected (associated with higher noises) by the single-mode fiber.

In conclusion, the experiments in this chapter demonstrated the advantages of using
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the few-mode fiber for DCS flow-oximeter measurements of both blood flow and
oxygenation compared to using the single-mode fiber. The few-mode fiber enabled
collection of more photons from the phantoms/tissues resulting in higher SNRs in both
flow and oxygenation measurements, although the SNR improvements with the few-
mode fiber were found to be significant only in oxygenation measurements. The multi-
mode fiber can further increase the detected light intensities and SNRs for tissue
oxygenation measurements, but the autocorrelation functions for extracting flow

information cannot be detected due to the very low value of .

Based on these results, selection of fibers with certain modes may depend on the
particular application. For the measurements of blood flow only either single-mode fiber
or few-mode fiber can be used, although the few-mode fiber may generate slightly higher
SNRs of flow data. For simultaneous measurements of tissue blood flow and oxygenation
using the dual-wavelength DCS flow-oximeter, a few-mode fiber (instead of single-mode
fiber) should be used to obtain significantly higher SNRs of tissue oxygenation
measurements. An alternative way is to use a detection fiber bundle consisting of one
single-mode (or few-mode) fiber and one multi-mode fiber. The single-mode or few-
mode fiber can measure autocorrelation functions to extract flow information while the
multi-mode fiber can detect light intensities at the two wavelengths with significantly
higher SNRs (than both single-mode and few-mode fibers) to extract oxygenation
information. However, the latter option requires two detectors connected to the fiber

bundle which would increase the instrumentation costs.

This pilot study was limited to comparing the SNRs of DCS flow-oximeter

measurements among three types of fibers (i.e., single-mode, few-mode, multi-mode).
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The selection of these specific three fibers was mainly based on fiber availability. The
optimization of fiber modes used for achieving optimum SNRs in tissue hemodynamic

measurements may be the subject of future study.
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CHAPTER 7 STUDY SUMMARY, LIMITATIONS, AND FUTURE
PERSPECTIVES

7.1 Study Summary

In this dissertation, | reported the development and application of ncDCT system for
3-D blood flow imaging in human breast tumors. The imaging system utilized lens
focusing apparatus to project source and detector fibers onto tissue surface. A motorized
stage was integrated into the system for automated and customizable ROI scanning
around tumor bearing region. A commercial 3-D camera was used to obtain breast
surface geometry which was then converted to a solid volume mesh. Furthermore, a finite
element framework was integrated to our DCT imaging algorithm which enabled blood
flow imaging with arbitrary tissue geometry. System validation work including computer
simulations and phantom experiments were performed to demonstrate the imaging ability
of the ncDCT system for breast tumor detection. I also reported our first step to adapt the
ncDCT system for tumor-to-normal blood flow contrast imaging from patients with
breast tumors. In addition to this primary study, an optical fiber study was conducted to
improve the SNR of DCS flow-oximeter measurement. The results reported in this
dissertation have been presented in conferences and some of them have been published in

peer-reviewed journals (see my attached CV).
My major contributions in these studies include the following aspects:

First, | developed the imaging algorithms for ncDCT of breast tumor blood flow

contrasts (Chapter 2) (37, 144). | designed computer simulations and conducted
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phantom experiments to validate and optimize the algorithms and the ncDCT system

(Chapters 3 and 4).

Second, | participated in the design and construction of noncontact DCS/DCT system
(Chapter 3) (37, 89, 92). I first involved in the design of a noncontact DCS (ncDCS)
probe with single S-D separation. | designed and performed phantom and human tissue
experiments to test the ncDCS probe. When extended the ncDCS to ncDCT, | further
performed computer simulations to optimize the source and detector arrangement, and the
scanning protocol for boundary data collection. To generate breast-shaped mesh, |
utilized different commercial software (i.e., ScanStudio, Ansys and SolidWorks) to
convert breast surface geometry, taken by a 3-D camera, to solid volume mesh for

ncDCT image reconstruction.

Third, for the first time | applied the ncDCT system on clinical breast tumor study
(Chapter 5) (144). | recruited 28 patients with breast tumors and performed optical
measurements. | was able to reconstruct 3-D images of tumor blood flow distributions
inside breasts and the majority of reconstructed images showed higher blood flow
contrasts in the tumor regions compared to the surrounding normal tissues. Reconstructed
tumor depths and dimensions matched ultrasound imaging results when the tumors were
within the sensitive region of light propagation. The results demonstrated that ncDCT
system has the potential to image blood distributions in soft and vulnerable tissues

without distorting tissue hemodynamics.

Last, in order to improve the SNR of DCS flow-oximeter measurements, |
experimentally explored using different detector fibers with different modes (i.e., single-

mode, few-mode, multimode) for photon collections (Chapter 6) (129). The outcomes
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from this study provided useful guidance for the selection of optical fibers to improve

DCS flow-oximeter measurements.

7.2 Study Limitation and Future Perspectives

Tumor Location Recovery. The ncDCT imaging results from computer simulations

and in vivo breast tumor measurements suggest that reconstructed tumor depths and
dimensions are accurate when the anomaly/tumor was within the sensitive depth of
diffuse light. When the tumor locates deeper than the maximal light penetration depth,
lower part of the tumor cannot be sampled by the ncDCT probe (Figure 2.1a).
Consequently, the reconstructed tumor location may be shifted up. Depth correction
algorithms should be considered for the imaging process for improvement (106, 107);
more weights may be added to elements located deep in the volume mesh when
calculating the Jacobian matrix. On the other hand, prior knowledge of tumor location
and dimension can also improve the recovery of tumor flow contrasts and locations using
anatomical imaging modalities such as MRI or CT. It should be noted that ncDCT

cannot detect tumors located deeper than diffuse lights can reach.

Tumor Flow Contrast Recovery. Even though the ncDCT system can detect the

majority of breast tumors measured, we were unable to differentiate between malignant
and benign tumors with the detected blood flow contrasts. This might be due to the
overlap of blood flow contrast in different stages of malignant tumors and different types
of benign lesions. Crosstalk between u,, u; and BFI may also result in over- or under-
estimation of blood flow contrasts in ncDCT (67, 83). To overcome this limitation, a

separate instrument enabling 3-D imaging of u, and ug distributions of breast tissue is
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needed (e.g., a frequency-domain or time-resolved DOT (32, 120-122)). We can also
increase the valid boundary measurement pairs by updating our line-shaped sources and
detectors arrangement to 2-D array, so that the ill-posed inverse problem could be

reduced to improve the flow contrast reconstruction accuracy.

Clinical Limitations and Improvements. Current measurement protocol takes ~40

minutes for each individual measurement. However, sometimes patients may move
during the measurement, leading to motion artifacts or even the discontinuity of data
collection. In the future, ncDCT measurement time should be reduced. The 2-D array of
sources and detectors arrangement mentioned earlier can avoid the scanning procedure
and thus avoiding such influence (145).

It is expected that with further instrument and algorithm development and more
clinical applications in large patient population, our ncDCT system may emerge as an
alternative functional imaging modality to help detect/characterize different kinds of
breast tumors. Furthermore, ncDCT can be used for other applications such wound tissue

and pressure ulcer without distorting hemodynamic properties.
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SYMBOLS

01
G1

02

ko

<Ar’(1)>

So

APPENDIX: GLOSSARY

Ratio of Dynamic to Static Scatterers (0-1)

Photon Diffusion Constant

Effective Diffusion Coefficient

Normalized Electric Field Temporal Autocorrelation Function
Unnormalized Electric Field Temporal Autocorrelation Function
Normalized Intensity Temporal Autocorrelation Function
Intensity

Wavevector of Photons in Medium (ko = 2ztn/))

Wavelength

Ratio of Sample and Air Index of Refraction

Numerical Aperture

Phase Modulation of NIR Light

Source-detector Separation

Position Vector

Mean-square Displacement of Scatterers during t
Source-light Distribution

Photon Fluence Rate

Correlation Function Delay Time

Selected Delay Time for DCT Image Reconstruction
Reduced Scattering Coefficient

Static Absorption Coefficient
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total
Ha

Ac

TERMS
APD
BFI

CwW

CT

Cy

DCS
(nc)DCT
DWS
FD
FWHM
Hb

HbO,

Effective Dynamic Absorption
Total Absorption Coefficient
Speed of Light in Medium

Fiber Normalized Frequency
Fiber Cutoff Frequency
Concentration of x

Angular Frequency of Modulation
Coherence Factor

Fiber Cutoff Wavelength

Avalanche Photodiode

Blood Flow Index (aDg)
Continuous Wave

Computed Tomogaphy
Coefficient of Variation

Diffuse Correlation Spectroscopy
(noncontact) Diffuse Correlation Tomography
Diffusing Wave Spectroscopy
Frequency Domain

Full Width Half-maximum
Deoxy-hemoglobin

Oxy-hemoglobin
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J Jacobian Matrix

NIR Near-Infrared

NIRS Near-Infrared Spectroscopy
PET Positron Emission Tomography
RBC Red Blood Cell

rBF Relative Blood Flow

S-D Source-Detector

SNR Signal to Noise Ratio

SO, Tissue Oxygen Saturation

TD Time Domain

tHb Total Hemoglobin
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